Abstract: Two novel C 2 -symmetric chiral diamines containing α -phenylethyl and α -(1-naphthyl)ethyl chiral subunits were prepared with quantitative yields. Enantiomeric recognition properties of these simple structured diamine ligands towards D-and L-amino acid esters and D-and L-mandelic acid were examined by the 1 H NMR titration method.
Introduction
Amino acids and their derivatives are chiral organic molecules involved in a wide variety of biological processes. They play an important role in the area of design and preparation of pharmaceuticals, as they are part of the synthesis process in the production of drug intermediates and protein-based drugs. Therefore, the study of the enantiomeric recognition of these compounds is of particular significance for understanding the interactions between biological molecules and the design of asymmetric catalysis systems, new pharmaceutical agents, and separation materials.
1
Molecular recognition is a fundamental property of various natural systems, based on the ability of a molecular receptor to form a complex preferentially with one of the enantiomers of a chiral molecule by noncovalent interaction such as hydrogen bonding, electrostatic interaction, and hydrophobic interaction.
2−5
Therefore, the chemical or biological activity of a compound often depends upon its stereochemistry in living organisms. The study of synthetic model systems could contribute new perspectives for the development of pharmaceuticals, enantioselective sensors, catalysts, and other molecular devices. 6 The rational design of receptors with a chiral recognition ability for chiral amino acids and carboxylic acids is still receiving considerable attention, although numerous chiral macrocyclic receptors have been developed for amino acids and related compounds. 7−13 In particular, C 2 -symmetric ligands have been widely used in chiral recognition and asymmetric synthesis. 14,15 The C 2 -symmetry is of great interest to the organic chemist as it * Correspondence: tarik.aral@batman.edu.tr opens up the possibility of the parallel synthesis of multiple parts of the molecule, thus increasing the convergence of retrosynthetic strategies. 16, 17 Interestingly, the number of targets found to possess such symmetry seems to exceed that expected to arise from pure chance. A literature survey involving theoretical calculations and comparisons of the energy of monomers, dimers, trimers, and tetramers was recently been published by Greer and colleagues.
18
C 2 -symmetric enantiopure diamines are recognized as important structural elements of many biologically active compounds and have been widely employed in asymmetric transformations including epoxidation,
19
allylic substitution, 20 hydrogenation reactions, 21 and many other catalytic asymmetric transformations.
22
Pena et al. synthesized a series of C 2 -symmetrical and nonsymmetrical chiral diamines and used them as chiral solvating agents for NMR enantiodiscrimination of chiral carboxylic acid. 23 Ghosh and Masanta reported the synthesis and photophysical behavior of an anthracene-labeled receptor bearing an amine group to use in recognition of α -keto and hydroxy acids.
24
Since the pioneering work of Cram and colleagues, numerous chiral macrocyclic and complex structured ligands have been synthesized and studied for enantiomeric recognition of racemic compounds. 25 However, the use of acyclic and simple structured ligands as hosts for enantiomeric recognition of the racemic compounds is limited. We report herein a practice synthesis of 2 novel simple structured C 2 -symmetric chiral diamines (1, 2) and evaluation of enantiomeric recognition properties of these ligands toward amino acid esters and mandelic acid by 1 H NMR titration method.
Results and discussion

Synthesis
The simple structured and easily obtained organic compounds are very important in synthetic chemistry. In this study, we synthesized 2 novel, easily obtained C 2 -symmetric chiral diamine ligands bearing N-α -phenylethyl (1) and N-α -(1-naphthyl)ethyl (2) chiral subunits. The host-guest interactions of these chiral ligands with chiral amino acid methyl ester hydrochlorides and mandelic acid were characterized. K f values for these host-guest interactions are reported.
The syntheses of chiral diamines 1 and 2 were accomplished in 2 steps. Initially, C 2 -symmetric di- aldehyde was prepared according to the procedure described in the literature. 26 The 2 chiral amines, (R) -α -phenylethylamine and (R)-α -(1-naphthyl)ethylamine, were used as chiral sources for synthesis of diamines 1 and 2 (Scheme 1). The reactions of the dialdehyde with the 2 chiral amines in MeOH following by treatment of reactions mixtures with NaBH 4 gave C 2 -symmetric chiral diamines (1 and 2) with quantitative yields. All compounds were characterized with 1 H NMR, 13 C NMR, IR and elemental analysis.
Enantiomeric recognition by 1 H NMR titration method
The molecular recognition can be characterized by various spectroscopic methods such as UV-Vis, NMR, fluorescence, and IR. 27, 28 The NMR titration method has proven to be effective in determining the bonding constant value for host-guest interaction. The advantages of the 1 H NMR method are that the experiment can be carried out in a wide variety of solvents and that useful structural information can often be obtained.
To determine the equilibrium constant for the simple reaction requires knowledge of the equilibrium concentrations of the species H, G, and H.G. When H and G are host and guest species that form an H.G complex that is held together by weak intermolecular forces (e.g., hydrogen bonding and van der Waals forces), the equilibrium constant is usually referred to as a binding constant or association constant to indicate that the product has chemical characteristics that still strongly resemble the unassociated ('free') molecules. The appearance of the NMR spectrum of the mixture represented by Eq. (1) would depend on K f and on the rate of the reaction.
In this study, the association constants of the host-guest systems formed were calculated according to the modified Benesi-Hildebrand equation, 30 i.e. Eq. (2), the basis of the 1 H NMR spectra data using the same methyl peak of the chiral hosts.
The Table 1 for L-mandelic acid and host Figure 3 shows a typical plot of the host-guest complexation of 1 and L-mandelic acid based on data given Table 1 . Binding constants (K f ) were calculated using data given in Figure 3 . Before adding the guest, the methylene protons of host 1 showed a singlet at around 5.09 ppm. When the host and guest interacted in a solution forming a 1:1 complex, this peak was shifted upfield and showed an AB system. The binding constant of the complex was obtained using these peaks. Other guests showed similar behavior with different amounts of chemical shifts. The estimated structures of complexes formed between hosts and guests are given in Scheme 3. Probably, while amino acids preferred hydrogen bonding interaction in complexation, mandelic acid preferred π − π and hydrogen bonding interaction. Thus, the greater enantioselectivity of mandelic acid may be explained by forming a rigid structured complex between L-mandelic acid by appropriate π − π stacking interaction of the 2 aromatic rings of the host and 1 of the guest and the hydrogen bonding interaction between amine groups of the host and -OH groups of the guest. The shifting ArCH 2 O-methylene protons show that the complexation of the guest occurred in the cavity of the host and near these groups (ArCH 2 O-). Nevertheless, we do not have enough consistent data for precise information or stronger proposition. 
1.
The binding constants (K f ) and enantioselectivities (K L /K D ) for the complexation of L-/D-guests with
the hosts (1, 2) in CDCl 3 are given in Table 2 . All guests form a stable complex with chiral host 1 and 2, as shown in Table 2 . The association constants of the chiral host 1 with the L-and D-enantiomers of mandelic acid were found to be 2481.95 and 607.80, respectively. The L-form is 4.08 times more stable than the D-form (K L /K D = 4.08). In the same way, host 2 exhibited chiral recognition toward the enantiomers of a mandelic acid by K L /K D = 1.73. It was shown that host 1 exhibited stronger complexation and enantioselectivity than host 2 toward mandelic acid. In the case of amino acid methyl ester guests, higher binding constants and enantioselectivities were obtained for D-enantiomers. Host 2 exhibited enantioselectivity toward D-and L-valine methyl ester by K D /K L = 2.33, while host 1 exhibited low enantioselectivity toward same guest (K D /K L = 1.1). Both hosts 1 and 2 also exhibited low enantioselectivity toward L-and D-alanine methyl ester by K D /K L = 1.36 and 1.12, respectively. This result shows that the presence of the naphtho unit on the stereogenic center of the host gives rise to enantioselectivities but decreases the complexation abilities toward amino acid methyl esters. This may be due to the steric enhancing of the naphtho unit on the stereogenic center of host 2. In the case of the mandelic acid guest, steric enhancing of the naphtho unit decreases both enantioselectivity and complexation ability. This may be due to the fact that the steric repulsions of the naphtho unit are very high for complexation with mandelic acid, which bears a phenyl unit in the stereogenic center.
These results demonstrate that the substituent on the stereogenic center plays a very important role in the chiral recognition. It is also shown that the steric effect or repulsion between the substituent on the stereogenic center (e.g., alkyl or aryl group) of the host and the guest has been found to be an important factor. More steric repulsions decrease complexation but give rise to enantioselectivity when guests are amino acids, but higher steric repulsions decrease both complexation and enantioselectivity when guests are mandelic acid.
Experimental
Materials and methods
All chemicals were of reagent grade unless otherwise specified. R/S 1-phenylethylamine and 1- 
NMR experiments
Job plots
The stoichiometry of the complex between hosts 1 and 2 and the guests was determined using spectroscopic changes of the same methine proton that is on the stereogenic center of the guest by continuous variation plot (Job plot) according to the method described in the literature (Figure 1 ). 
NMR titrations
The host compound was dissolved in an appropriate amount of solvent and the resulting solution was evenly distributed among 9 NMR tubes. The first tube was sealed only with the host compound. The guest solution was added in increasing amounts to the NMR tubes so that the following solutions had relative amounts of guest versus host compound. The concentration of the host was constant (1 mM) with the increasing concentrations of the added guest (Table 1) .
Synthesis
4,4'-[benzene-1,4-diylbis(oxy)]dibenzaldehyde
This compound was prepared according to the procedure described in the literature. 
(R,R)-(1-Phenylethy)-[4-(4-{4-[(1-phenylethyl amino)methyl]phenoxymethyl} -benzyloxy) benzyl amine (1)
To a solution of dialdehyde (500 
Conclusion
We have developed 2 novel simple structured C 2 -symmetric chiral diamines (1, 2) and studied their enantiomeric recognition properties toward D-and L-amino acid methyl ester hydrochlorides and D-and L-mandelic acid using the 1 H NMR titration method. The highest enantioselectivity was obtained by host 1 toward L-mandelic acid up to K f = 2481 M −1 with K L /K D equal to 4.08. These results show that simple structured and easily accessible acyclic C 2 -symmetrical compounds can be used for enantiomeric recognition of racemic amino acids and mandelic acids. The secondary amine groups of the ligands used in this study allow them to covalently bond with several polymeric structures for enantioseparation of racemic compounds (especially mandelic acid). These ligands can also be derived to several structurally complex compounds to give rise to their effect on enantioselectivity.
